Phagocytosis and oxidative burst in whole-blood granulocytes were assessed by flow cytometry with Phagotest and Bursttest kits, respectively. Seventy individuals were included in this study: 15 healthy, normal donors, 18 human immunodeficiency virus (HIV) type 1 (HIV-1)-seropositive patients, 19 patients with pulmonary tuberculosis (TB), and 18 patients co-infected with Mycobacterium tuberculosis and HIV-1 (TB-HIV). Granulocyte phagocytosis was assessed by incubating whole blood with fluorescence-labelled Escherichia coli and measuring the proportion of granulocytes with ingested bacteria and the capacity (fluorescence intensity) of each cell to phagocytose E. coli. The percentage of granulocytes converting nonfluorescent dihydrorhodamine to fluorescent rhodamine 123 on production of reactive oxygen intermediates (ROIs) and the mean channel shift were assessed as a measure of oxidative burst. No differences in the proportion of granulocytes that were capable of phagocytosing or producing ROIs in response to E. coli were observed between any of the study groups. Phagocytosis was significantly enhanced in granulocytes from HIV-1-infected individuals. On the other hand, granulocytes from individuals infected with M. tuberculosis alone or in combination with HIV-1 had a significantly reduced capacity to phagocytose E. coli and to produce ROIs in response to E. coli as an agonist. These results provide evidence that granulocytes from individuals with pulmonary TB with or without concomitant infection with HIV-1 have an impaired ability to phagocytose and to undergo oxidative burst, possibly contributing to the enhanced susceptibility to opportunistic infections in these patients.
Of the global burden of coinfection with human immunodeficiency virus (HIV) type 1 (HIV-1) and Mycobacterium tuberculosis, approximately 70% of these individuals reside in subSaharan Africa (18) . Not only does HIV-1 infection promote the pathogenesis of M. tuberculosis, but clinical data also suggest that M. tuberculosis hastens the course of HIV-1 disease (7, 11, 15, 24, 26) . Furthermore, the risk of acquiring new opportunistic infections for patients dually infected with M. tuberculosis and HIV-1 is increased compared with that for individuals infected with HIV-1 alone (28) .
Polymorphonuclear neutrophils (PMNs) play an important role in the host defense against bacterial infections and certain fungal infections, and it is thought that depressed neutrophil responses may play a role in the increased susceptibility to secondary infections experienced by HIV-1-infected individuals (9, 22) . Defects in PMN chemotaxis (5, 20) and bacterial killing (5, 12, 20) have been shown previously. Other studies of neutrophil function in HIV-1-infected patients have shown discordant data, with some studies suggesting that phagocytosis and the generation of reactive oxygen intermediates (ROIs) are impaired (4, 16, 17) , while others have suggested that one or both of these functions are enhanced (2, 17, 27) .
Neutrophils from individuals with active pulmonary tuberculosis (TB) have been shown to have an increased capacity for phagocytosis (19) and respiratory burst (10) . In contrast Antonaci et al. (1) reported depressed chemotaxis, phagocytosis, and bacterial killing by neutrophils, regardless of whether patients had active or chronic pulmonary TB.
Because very few data showing the impact of M. tuberculosis and HIV-1 coinfection on phagocyte function exist, we considered it important to delineate granulocyte abnormalities that could further shed light on the pathogenesis of TB and HIV-1 infection. Granulocyte function in the presence of TB assumes increasing importance in Africa, where TB is endemic and bacterial superinfection is common (3, 14) . The purpose of this study was therefore to investigate the effect of infection with M. tuberculosis or HIV-1, or with both, on granulocyte functions essential to the clearance of secondary microbial infections, namely, phagocytosis and oxidative burst. We demonstrate that whereas granulocyte phagocytosis was enhanced in individuals singly infected with HIV-1, both phagocytosis and oxidative burst were depressed in granulocytes from individuals infected with M. tuberculosis and those dually infected with HIV-1 and M. tuberculosis.
MATERIALS AND METHODS
Patients. This study included a total of 70 individuals, comprising 15 healthy, normal donors (ND [control] group), 18 HIV-1-seropositive patients from an HIV outpatient clinic in Johannesburg, South Africa (HIV group), 19 patients with pulmonary TB (TB group), and 18 patients coinfected with M. tuberculosis and HIV-1 (TB-HIV group) from a TB hospital in Johannesburg. This study was approved by the University of the Witwatersrand Ethical Committee; the patients were recruited after informed consent was obtained, and the confidentiality of all records was ensured. The healthy volunteers were recruited from among laboratory workers, and they had no known risk factors for HIV-1 infection. The characteristics of the subjects are presented in Table 1 . CD4 counts are expressed as percentages of total lymphocytes in addition to absolute counts, because the latter can vary widely due to periodic fluctuations in the leukocyte count and differential (23) . All patients in the TB and TB-HIV groups were receiving the standard four-drug anti-TB therapy that included rifampin, isoniazid, pyrazinamide, and ethambutol.
Phagocytosis. The test for phagocytosis was carried out by using the Phagotest kit (Orpegen, Heidelberg, Germany). One hundred microliters of whole blood was mixed with 2 ϫ 10 7 fluorescein isothiocyanate (FITC)-labelled Escherichia coli cells at 0°C. Mixtures of heparinized whole blood and bacteria were incubated in a 37°C horizontal shaking water bath for 10 min. As a control, whole blood and FITC-labelled E. coli were incubated at 0°C to reduce the phagocytic potential to a minimum. The fluorescence of the attached bacteria on the cell surface was quenched by using 100 l of Coomassie brilliant blue. After two washes, erythrocytes were lysed by adding lysing solution for 20 min at room temperature, after which propidium iodide was added to stain the DNAs of the bacteria and the cells.
Oxidative burst. The production of ROIs was determined with the Bursttest kit (Orpegen). One hundred microliters of whole blood was mixed with 2 ϫ 10 7 unlabelled E. coli cells at 0°C. Mixtures of heparinized whole blood and bacteria were incubated in a 37°C horizontal shaking water bath for 10 min. As a control, whole blood was incubated with 20 l of wash solution. Dihydrorhodamine (DHR) was added to the samples at 37°C, and incubation was continued for a further 10 min in order to allow nonfluorescent DHR to convert to fluorescent rhodamine 123 upon the production of ROIs. Lysing solution was added for 20 min at room temperature. After washing, 100 l of propidium iodide was added to stain the DNAs of the bacteria and the cells.
Flow cytometry. Ten thousand leukocytes were collected from each sample on a FACSort flow cytometer. The instrument was calibrated and standardized between each analysis by using Calibrite beads (Becton Dickinson, Erembodegen-Aalst, Belgium). All sample analysis was performed with Cellquest software (Becton Dickinson). The granulocyte populations were gated by using their forward-and side-scatter dot plots. During fluorescence-activated cell sorter analysis, free bacteria and aggregates of bacteria are separated from leukocytes on account of their much lower DNA content compared to that of eukaryotic cells. Phagocytosis and oxidative burst were monitored by determining both the proportion of cells fluorescing and the relative fluorescence intensities of the gated granulocytes.
Statistical analysis. All statistics were determined by using Statgraphics software (STSC, Inc., Rockville, Md.). Differences in cell counts, phagocytosis, and oxidative burst between the ND, HIV, TB, and TB-HIV groups were compared by the nonparametric Mann-Whitney U test. Relationships between various parameters were determined by simple correlation (Spearman's rank correlation coefficient).
RESULTS

Phagocytosis.
The capacity of granulocytes to phagocytose fluorescent E. coli was measured in anticoagulated whole blood. Figure 1A shows that there were no differences between the four study groups in the percentage of granulocytes able to undergo phagocytosis. When comparing the degree of fluorescence (i.e., efficiency of phagocytosis or uptake of fluorescent E. coli per cell) expressed as a mean channel number (MCN) (Fig. 1B) , the fluorescence intensities for the TB and TB-HIV groups were significantly reduced compared to that for the control group (P Ͻ 0.01). There was a significant increase (P Ͻ 0.05) in the ability of granulocytes from the HIV-1-infected group to phagocytose E. coli compared to that for granulocytes from the ND group. There were also significant differences in granulocyte phagocytic capacity between the HIV and TB groups (P Ͻ 0.001) as well as the HIV and TB-HIV groups (P Ͻ 0.001). There was no significant difference in phagocytosis between the TB group and the group dually infected with M. tuberculosis and HIV-1 (P Ͼ 0.05).
Oxidative burst. ROI production by whole-blood granulocytes in response to E. coli as a stimulus was measured by conversion of a nonfluorescent substrate to a fluorescent substrate. Figure 2A shows that there were no significant differences between any of the four study groups in the percentage of granulocytes able to undergo oxidative burst (P Ͼ 0.05). However, the capacity to produce ROIs was considerably different between the groups (Fig. 2B) , with significant differences between the ND and the TB-HIV groups (P Ͻ 0.001), the ND and TB groups (P Ͻ 0.001), the HIV and TB groups (P Ͻ 0.05), and the HIV and TB-HIV groups (P Ͻ 0.05). There was no significant difference between the ND group and the HIV-1 group (P Ͼ 0.05), even though a wide spread of reactivities was present in the HIV-1 group. Relationship between phagocytic and oxidative burst capacity and immunological status. No correlation was observed within any of the study groups between percent CD4 cells, absolute CD4 count, or leukocyte count and MCN and shift determinations for phagocytosis and oxidative burst, respectively. Furthermore, there was no significant correlation between absolute granulocyte count or percent PMNs and the capacity of granulocytes to phagocytose E. coli or be stimulated to produce ROIs.
Relationship between phagocytic and oxidative burst capacity and time of anti-TB treatment. The mean duration of anti-TB treatment did not differ significantly between the TB and the TB-HIV groups (P Ͼ 0.05). There was no correlation between the ability of granulocytes from individuals with pulmonary TB to phagocytose or produce ROIs and the duration of their anti-TB drug therapy. This was true whether patients had concomitant HIV-1 infection or not. Times of treatment ranged from 1.5 weeks to a maximum of 29.5 weeks. When patients were stratified into two groups on the basis of time of treatment, 18 had received treatment for Ͻ2 months and 19 had received treatment for Ͼ2 months. There was no significant difference between granulocyte phagocytic capacity or ability to produce ROIs between the groups receiving treatment for Ͻ2 months and Ͼ2 months (P Ͼ 0.05).
DISCUSSION
This study has shown that granulocytes from patients with pulmonary TB or pulmonary TB and HIV-1 disease have impaired function, as measured by phagocytosis and oxidative burst. This appeared to be unrelated to the immune status or the length of anti-TB treatment. Because efficient phagocytosis and the subsequent production of ROIs are important for the intracellular killing of microorganisms by phagocytes, defects in one or both of these functions may lead to deficient killing of intracellular microorganisms, thus predisposing the individual with pulmonary TB to further opportunistic infections. Killing of M. tuberculosis itself by PMNs occurs via nonoxidative means (8) , and mycobacterial killing has been shown to be further enhanced by cytokines such as gamma interferon (6) and interleukin-8 (13) . This suggests that deficient respiratory burst activity in patients with TB would not necessarily have any impact on the ability of their neutrophils to kill mycobacteria once the mycobacteria were internalized. A direct role for a 25-kDa glycolipoprotein of M. tuberculosis in suppressing bacterial killing, apparently through reduced O 2 -dependent respiratory burst, has been shown in the absence of any effect on phagocytic potential in vitro (25) .
In contrast to the depressed PMN function noted in TB patients, granulocytes from HIV-1-infected individuals showed an enhanced capacity to phagocytose E. coli, in agreement with previous studies (2, 21) . This was found for all HIV-1-infected individuals, irrespective of CDC staging, in a study by Schäfer et al. (21) and in our study by using percent CD4 cells or total CD4 cell count as a measure of immune status. Oxidative burst produced by granulocytes from HIV-1-infected individuals, on the other hand, was not significantly altered compared to that produced by granulocytes from healthy donors.
Thus, the PMN defects found in both the TB and the TB-HIV groups were clearly due to factors common to both groups, viz., either pulmonary TB disease or anti-TB drug therapy. Our results would suggest that the persistence of depressed PMN functions, despite anti-TB treatment, may be attributed to the anti-TB therapy rather than the TB infection itself, because the duration of treatment did not appear to result in improved function. Consistent with this possibility is one study that showed decreased neutrophil chemotaxis, phagocytosis, and killing of Candida, regardless of active or chronic disease in TB patients receiving anti-TB treatment (1), and another study that showed a significantly increased phagocytosis capacity for neutrophils from patients with active pulmonary TB prior to treatment (19) . It is further interesting that both phagocyte functions in our study were depressed to the same extent in the TB and the TB-HIV groups of patients. This would suggest that PMN functions other than phagocytosis and oxidative killing mechanisms may come into play, consistent with other clinical data showing an increased susceptibility of TB patients to secondary infections when they are coinfected with HIV-1 (3, 14, 28) . For example, because phagocytosis and the oxidative burst of PMNs from HIV-1-infected individuals are unimpaired, as confirmed in the present study, it has been suggested by Wenisch et al. (27) that nonoxidative killing mechanisms may be deficient. If this is the case for HIV-1 infection only, then such a difference may underlie the greater susceptibility of TB-HIV groups of patients compared with that of patients with TB only, namely, that HIV-1 coinfection may further unmask polymorphonuclear phagocyte dysfunction in individuals with TB.
This study underscores the importance of a detailed evaluation of anti-TB drug therapy in the context of the direct effects of drugs on the neutrophil functions required for the effective elimination of secondary microbial infections in patients with TB.
